This article creatively established a four-stage methodology to evaluate the macroscopic elastic modulus of the cement mortar corroded in brine solution. At first, the nanoindentation technique was utilized to measure the microscopic elastic moduli of a 10 × 10 lattice locating on a region containing sand aggregates, cement paste and interface transition zone (ITZ). The compositions and contents of each point were determined by XRD combined with SEM-EDS. Secondly, three different thicknesses (5 µm, 10 µm and 15 µm) of the ITZ were assumed and the corresponding microscopic elastic moduli were calculated based on porosities from imaging process, multi-scale homogenization method and the Voigt parallel mode. The thickness of the corroded ITZ was then determined. Moreover, the Lu & Torquato model was used to calculate the volume fractions of cement matrix, aggregates and ITZ of the mortar, treated as important parameters to predict the macroscopic elastic moduli of corroded and non-corroded mortar with homogenization method. Finally, a Reuss-Voigt equivalent approach was proposed to calculate the macroscopic elastic modulus of the mortar, which showed good agreement with the measured macroscopic elastic modulus from uniaxial compression test. Therefore, the methodology utilized to evaluate the macroscopic elastic modulus of the corroded cement mortar is effective.
Introduction
Cement mortar consists of cement matrix, aggregates, pores and interface transition zone (ITZ). The macroscopic performances of the cement as a multiphase composite are decided by its microscopic structure and microscopic mechanical properties of each phase (Li et al. 2019a (Li et al. , 2019b . Thereinto, the elastic modulus is a crucial parameter in the mechanical analysis of cement. Oliver (2004) proposed a nanoindentation method to determine the elastic properties of materials at micro-scale. At present, many researchers utilize the nanoindentation technique to investigate the elastic performance of the cement on the microscale. Velez et al. (2001) adopted the nanoindentation method to evaluate the elastic moduli of the phases in the cement, including C 3 S, C 2 S, C 3 A and C 4 AF. Ulm et al. (2007) innovatively utilized statistical deconvolution and grid-nanoindentation techniques to identify intrinsic and structural sources of anisotropy C-S-H gel, apatite and clay. Němeček et al. (2013) obtained the elastic moduli of many different materials by this method and predicted the elastic performances of cement paste, plaster and aluminum alloy with Mori-Tanaka approach, self-consistent approach and FFT numerical simulation. Li et al. (2017a Li et al. ( , 2017b used the nanoindentation test combined with SEM-EDS and homogenization model to dig the elastic property of the corroded cement.
The structure and performance of the ITZ are the important factors to have an influence on the mechanical properties of the cement mortar. As known, the porosity and connectivity of the pore structure of the ITZ were normally higher than the matrix part (Chen et al. 2006) . There was some remarkable characteristics in the ITZ, such as low strength, low elastic modulus and high permeability (Chen et al. 2004a (Chen et al. , 2004b . Thereby, the mechanical properties, pore distributions and compositions of the ITZ have attracted many researchers' interests. Scrivener et al. (2004) believes that ITZ is a region with high heterogeneity and higher porosity, and that the higher porosity can reduce during hydration. Normally, it was believed that the thickness of the ITZ in mortar was lower than that in concrete (Ollivier et al. 1995; Snyder et al. 1992) . Mondal et al. (2008 Mondal et al. ( , 2009 ) studied the ITZ between the sands and the paste by nanoindentation method, finding that the elastic modulus of the ITZ was obviously lower than the paste.
Although Akçaoğlu et al. (2004 Akçaoğlu et al. ( , 2005 , and many other researchers have proposed that the ITZ decreased the overall performance of the concrete, Diamond and Huang (2001) thought that it was hard to judge that the ITZ had negative effect on the concrete by existing macro tests because the volume of the ITZ cannot be measured accurately. Torquato and co-researchers (Lu and Torquato 1992; Torquato and Haslach 2002) came up with the nearest surface distribution function which can be used to quantitatively analyze the volume fraction of the ITZ in concrete. Therefore, Chen et al. (2007) utilized this function to propose the quantitative calculation formula for ITZ of concrete, verified by random point sampling method. The references mentioned above focused on how the different thicknesses of the ITZ influenced on the overall performance of the cement-based materials. However, it is lack of the research about the experimental results on the elastic property of the ITZ, not to mention the influence law of the corroded ITZ on the cement. In the field of homogenization prediction of composite materials, Hill (1963) proposed a concept of representative volume element. Based on the concept, an element can be considered representative if it contains necessary microstructural details and has unobvious boundary effects. Benveniste (1987) applied Mori-Tanaka's theory to composites and analysis two-phase composites with anisotropic elastic components and an inclusion phase including ellipsoidal particles. The expressions for predicted stiffness and compliance tensors were derived. Herve and Zaoui (1993) derived the micromechanical modeling of n-layered isotropic spherical inclusion, embedded in a matrix. This paper has proposed an innovative four-stage methodology to calculate the macroscopic elastic modulus of the corroded mortar. In the first place, the nanoindentation technique was used to measure the microscopic elastic moduli of 100 points on the surface of the corroded cement mortar specimen. The compositions and contents of the corroded ITZ were determined by XRD and SEM-EDS. Secondly, the thicknesses of the corroded ITZ were evaluated by comparing the calculated microscopic elastic modulus with the measured microscopic elastic modulus of the corroded ITZ. Thirdly, the Lu & Torquato model was developed to calculate the volume fraction of each phase on the corroded mortar surface. Finally, the calculated macroscopic elastic modulus of the corroded mortar was obtained by the Reuss-Voigt equivalent method, compared with the measured macroscopic elastic modulus by the uniaxial compression test as the fourth step.. The roadmap of this research is described in Fig. 1 . Fig. 1 The roadmap of this research.
Materials and methods

Materials
The cement used in this research was P.I 52.5. The chemical compositions and mineral components are shown in Table 1 and Table 2 , respectively. The fine aggregate was river sand with the maximum size of 2.65 mm, minimum size of 0.035 mm and fineness modulus of 2.5. The water-cement ratio (w/c) was 0.53 as a high value because of enhancing the corrosion effect of the mortar. The sand/cement ratio is 2. The recipe of the brine solution was based on the compositions of Qarhan Salt Lake in Qinghai Province, China. For simplicity, four types of ions were selected as the constituents of the solution, including Na + , Mg 2+ , Cl -, and SO 4 2-. The brine solution contained 1.80% of magnesium sulfate, 8.61% of magnesium chloride, 11.35% of sodium chloride by mass and DI water.
Methods
(1) Sample preparation The mixture ratios of the mortar are displayed in Table 3 . The size of the mortar specimen for the corrosion process was 40 mm × 40 mm × 40 mm. The cement, water and sand were mixed in the mold, cured by membrane for 1 d. After demolding, all the specimens were moved to standard curing box for 7 d with temperature of 20±2°C and relative humidity of 95%.
The mortar specimens were taken out after being placed in the brine solution for 360 d. Then the salt particles around the surface were removed and the specimens were dried. Subsequently, a small cube with a dimension of 5 mm × 5 mm × 5 mm was cut off from a corner of each mortar specimen. For the XRD test, the small cube specimen was grinded in an agate mortar for 10 min (particle size less than 80 μm). For the nanoindentation test, the small cube specimen was pretreated based on the high requirement of flatness (Han et al. 2012; Zhao et al. 2005; Zheng et al. 2008) . First of all, the specimen was located in alcohol phenolphthalein solution to avoid the further hydration. Then the specimen was placed in a mold, sealed with epoxy resin. The specimen, surrounded by the sealing epoxy resin, was sanded by sandpapers with #400, #800, #1200 and #2500 successively. After that, the specimen was polished by canvas and silk with suspension of 0.25 μm diamond. Furthermore, an atomic force microscope (AFM) was adopted to measure the surface roughness of the specimen (less than 100 nm). At last, the specimen was washed with ethanol for 15 min in the ultrasonic cleaner to remove the adsorbed powders and dried. Figure 2 shows the specimen for the nanoindentation test after a series of treatment.
(2) XRD analysis An XRD-7000X diffractometer produced by Shimadzu Co., Japan was used to determine the compositions of the cement mortar corroded in the brine solution. The range of the scanning angle was -6º to +163º (2θ). The specimen powder was placed on the special glass substrate. The test results are discussed in Section 3.1.
(3) Nanoindentation test The nanoindentation test was conducted by a nanoindentation tester manufactured by Agilent Technologies Inc. This machine adopted continuous stiffness method to obtain the elastic modulus of the specimen with nanoindentation depth. Figure 3 displays the schematic of measuring the microscopic elastic modulus of the cement mortar by the nanoindentation tester. In the process of loading and de-loading, the elastic deformation of the specimen appeared first, followed by the plastic deformation with descending of the indenter. Then the loading was released and the specimen behaved elastic recovery property. Figure 4 shows the relation between the load (P) and the displacement (H) of the indenter. According to the Oliver-Pharr principle (Oliver and Pharr 1992) , the microscopic elastic modulus of nanoindentation point can be calculated by Eq. (1), 
where A is the corresponding contact area, S is the contact stiffness (
, P is the maximum load), β is a correction factor (due to the Berkovich indenter, β = 1.034), i v and i E denote the parameters of indenter ( i v = 0.07, i E = 1141 GPa). In this study, the microscopic elastic moduli of 100 nanoindentation points were measured, forming a 10 × 10 lattice on a corroded mortar specimen. Base on the previous studies, the thickness of the ITZ in mortar and concrete without corrosion procedure was 5 to 40 µm, and the thickness of the ITZ around sand was smaller than that around the gravel (Bernard and Kamali-Bernard 2015; Scrivener et al. 2004; Yun et al. 2013) . In order to assure the accuracy of the microscopic elastic modulus of the ITZ in this study, the distance between each two points should be set as small as possible. In addition, for the sake of the relative steady-state value of elastic modulus, the depth of the indenter needed to reach the micron scale (Liang et al. 2017) . Considering the depth and the depth of the indentation synthetically, the distance between each two points was set as 15 µm and the depth of the indenter was set as 2 µm, shown in Fig. 5 . The nanoindentation region within the 100 points is depicted in Figs. 5(a) and 5(b) magnifies a nanoindentation point, the shape of which is similar to that of the indenter.
(4) SEM-EDS analysis A Quanta 250 field emission environmental scanning electron microscope (FEG-SEM) and an energy spectrum spectrometer (EDS) produced by Fei Co., USA with resolutions of 3.5 nm and 130 eV were used to analyze the atomic ratios of the compositions in each nanoindentation point. The test results are discussed in Section 3.4.
(5) Determination of thickness of corroded layer of cement mortar A NM-4B non-metal ultrasonic analyzer was utilized to measure the ultrasonic velocity in the cement mortar with butter as the coupling agent. The sampling period was 0.2 μs and the emission voltage was 500 V. Three cement mortar specimens with dimension of 40 mm × 40 mm × 40 mm selected for the measurement. Two opposite surfaces of each specimen were measured for three times to obtain the ultrasonic velocity (average value). After that, the thickness of 1 mm of the measured surfaces was ground off by sandpaper, continuing measuring the new ultrasonic velocity. The grinding and measuring process was repeated until the ultrasonic velocity kept unchanged, meaning the left part between the two opposite surfaces was not corroded yet. (6) Macroscopic elastic modulus of corroded cement mortar Uniaxial compression test was carried out according to the Chinese Standard GB/T 50081-2002 (Torquato and Haslach 2002) to investigate the macroscopic elastic modulus of the corroded cement mortar specimen by a microcomputer-controlled electro-hydraulic servo pressure testing machine (Zwick/Roell Z050) with maximum loading of 50 kN and loading speed of 0.5 mm/min. Two linear variable differential transformers (LVDT1 and LVDT2) were installed between the loading rigid plate and the fixed rigid plate. Figure 6 exhibits a corroded mortar specimen tested by the machine. The distance between the two LVDTs, namely the two rigid plates, was 40 mm. Six specimens were tested and the results were discussed in Section 3.6. To be clear, in this paper, the elastic modulus of specimen obtained from the uniaxial compression test was named as "measured macroscopic elastic modulus". The elastic modulus from the Reuss-Voigt equivalent method was named as "calculated macroscopic elastic modulus". All the other "elastic modulus" of specimen acquired from the nanoindentation test and homogenization method was named as "microscopic elastic modulus". Figure 7 shows the XRD spectrum of the cement mortar specimens soaked in the brine solution for 360 d. The silicon dioxide, namely the sand, can be found in the experimental results. Furthermore, there are other seven compositions, including cement hydration products (Friedel's salt, hydrated calcium sulfate, calcium hydroxide), corrosion products (hydrated calcium chloride, magnesium hydroxide), non-hydrated cement particles (non-hydrated dicalcium silicate) and other composition (sodium chloride), namely C 3 A·CaCl 2 ·10H 2 O, CaSO 4 ·2H 2 O, Ca(OH) 2 , CaCl 2 ·4H 2 O, Mg(OH) 2 , 2CaO·SiO 2 and NaCl. The C-S-H gel cannot be detected by XRD because of its amorphous structure and its chemical formula was assumed as 3CaO·2SiO 2 ·5H 2 O in this study.
Results and discussion
XRD
Nanoindentation
The 10 × 10 nanoindentation points were on a region including the sand, ITZ and paste, shown in Fig. 8 . The microscopic elastic modulus of each point is marked on Fig. 7 The XRD spectrum of corroded cement mortar. the figure, corresponding to the locations. It is seen that on the grey region (sand), the microscopic elastic moduli are in the range of 23 GPa to 89 GPa with average value of 55.56 GPa. The strip areas between the two red lines are ITZs due to the relatively lower microscopic elastic moduli (2.2 GPa to 25 GPa). The rest part is the cement paste with the microscopic elastic moduli in the range of 13.2 GPa to 48 GPa.
Porosity of ITZ
The porosity of the ITZ can be obtained by processing the SEM image with Avizo software, displayed in Fig.  9(a) with ITZ. In this study, the magnification of SEM image is 1000 times. The resolution of SEM image is 1024 × 943, and the minimum pixel size is 0.303 µm × 0.303 µm. Therefore, the nanoscopic gel and capillary porosity cannot be characterized. Pores > 0.303 µm can be characterized by SEM image. Three different thicknesses (t) of the ITZ were assumed: 5 µm, 10 µm and 15 µm. Median filtering was used to process the images and the grey segmentation threshold between pores and paste was determined as 72.1 according to the previous research results (Lafhaj et al. 2006) . Figure 9 (b) shows the ITZ before and after the segmentation. The blue parts are the pore structures and the remaining parts are the paste. Similarly, the porosity of the paste in the mortar specimen can be calculated by Eq. (2),
where φ is the porosity of the paste, p n is the pixel number of the pore structure, n is the pixel number of the cement paste areas. According to Eq. (2), the porosities of the ITZ were calculated as 31.7%, 28.8% and 24.2% when the corresponding thicknesses of the ITZ were 5 µm, 10 µm and 15 µm, respectively. Compared with the result of Scrivener et al. (2004) , the porosity of the ITZ in this study is slightly higher. The reason may be that the porosity of ITZ increases after brine corrosion.
Composition analysis of ITZ
In this section, the nanoindentation points where locating in the ITZ and paste were analyzed to obtain the volume fractions of the compositions. results of two representative nanoindentation points (shown within yellow squares) among the 100 points by SEM-EDS. It is seen that in Point 1, there are two types of atoms, oxygen and silicon, indicating that the point is on the sand. In Point 2, there are oxygen, sodium, magnesium, aluminum, silicon, sulfur, chloride, and calcium, indicating that this point is on the cement paste or ITZ. Table 4 only lists the atomic ratios of 10 nanoindentation points on the ITZ due to space limitation. The locations of those ten points are displayed in Fig. 11 . On the basis of the compositions from XRD and the atomic ratios from SEM-EDS analysis of a nanoindentation point, the molecular ratios of the eight compositions were calculated by a system of eight linear equations in eight unknowns, exhibited in Eq. (3), The parameters matrix correspond to each composition of one point. Taking the first row of the matrix as an instance, there are 16 oxygen atoms in one molecule of C 3 A·CaCl 2 ·10H 2 O, 6 oxygen atoms in one CaSO 4 ·2H 2 O, 2 oxygen atoms in one Ca(OH) 2 , 4 oxygen atoms in one CaCl 2 ·4H 2 O, 2 oxygen atoms in one Mg(OH) 2 , 4 oxygen atoms in one 2CaO·SiO 2 , no oxygen atoms in one NaCl, 12 oxygen atoms in one 3CaO·2SiO 2 ·5H 2 O. Then the mass ratios were obtained by molecular ratios timed by molecular weight of each composition. After that, the volume fractions of the eight compositions in each point were calculated by mass ratios divided by densities. Tables 5, 6 and 7 show the volume fractions of eight compositions of the ten points when the thicknesses of the ITZ were assumed as 5 µm, 10 µm and 15 µm, respectively. Table 8 shows the physical properties of the compositions of the cement paste corroded in brine so- Fig. 11 The meshed nanoindentation region with three different assumed thicknesses of ITZ. lution, including density, bulk modulus and shear modulus. Thereinto, the bulk modulus and shear modulus were used to be one calculation part among the homogenization method.
Thickness of corroded layer of cement mortar
Before the cut off of the surface, the average ultrasonic velocity of the three corroded mortar specimens was 4.583 km/s. Subsequently, the average ultrasonic velocity increased to 4.638 km/s with 1 mm thickness of the surface of the specimen cut off. As an analogy, the average ultrasonic velocities were 4.699 km/s, 4.746 km/s, 4.810 km/s, 4.851 km/s, 4.892 km/s, 4.946 km/s, 4.998 km/s, 4.993 km/s, 4.997 km/s and 4.996 km/s, respectively, when the thicknesses of the cut off surface were 2 mm, 3 mm, 4 mm, 5 mm, 6 mm, 7 mm, 8 mm, 9 mm, 10 mm and 11 mm. It can be observed that when the thickness of the cut off surface exceeded 8 mm, the ultrasonic velocity was stable. Therefore, the thickness of the corroded layer of the cement mortar specimens was 8 mm in this research.
Macroscopic elastic modulus of cement mortar
Six corroded mortar specimens were used to obtain the macroscopic elastic modulus and the values were 29.6 GPa, 30.8 GPa, 30.5 GPa, 29.9 GPa, 30.1 GPa and 31.2 GPa, with an average value of 30.35 GPa and a standard deviation of 0.598.
Evaluation of microscopic elastic modulus of corroded ITZ by homogenization
Homogenization method
The basic idea of material homogenization is to evaluate the relationship between the stress and strain of the representative volume elements (RVE) and the area embodying the RVE. At present, there are three homogenization methods, Mori-Tanaka (MT), self-consistent (SC) and n-layered inclusion-based method (Zaoui 2002; Benveniste 1987; Herve and Zaoui 1993) . The MT method (Mori and Tanaka 1973) was selected when the matrix phase was regarded as the reference medium and the volume of the inclusions was much smaller than the medium. The feature of the SC method (Kröner 1958) was the reference medium was treated as the same with the homogenized medium, used for the composites which the reference medium was hard to determine. The Mori-Tanaka scheme is useful for matrix-inclusion composites, the self-consistent scheme for polycrystals (Zaoui 2002 ). The n-layered inclusion-based method is used for an n-layered isotropic spherical inclusion embedded in a matrix subjected to uniform stress or strain conditions at infinity (Herve and Zaoui 1993; Sanahuja et al. 2007) . In this study, according to the multiscale method and the characteristics of the corrosion products, the cement mortar was divided into the three scales (Levels I, II and III) shown in Fig. 12 . The characteristics length scale of Level I (C-S-H matrix) was 10 -8 to 10 -6 m, containing high density (HD) C-S-H gel and low density (LD) C-S-H gel. Normally, the volume of the HD C-S-H gel was less than 30%, compared with the LD C-S-H gel. Therefore, in this level, the LD C-S-H was considered as the reference medium and the HD C-S-H was the inclusions. It is assumed that HD C-S-H gel is a spherical inclusion. The bulk modulus ( μ being the bulk modulus and shear modulus, respectively, of HD C-S-H gel. These four moduli can be calculated by Eqs. (6) and (7),
where E and υ denote the microscopic elastic modulus and Poisson ratio. According to the previous research (Li et al. 2017) , the microscopic elastic moduli of the LD CSH and HD CSH were 25.4 GPa and 35.1 GPa, and the corresponding volume fractions were 75% and 25%. On the basis of references (Constantinides and Ulm 2004; Monteiro and Chang 1995) , the Poisson ratio was chosen as 0.24. The bulk modulus and shear modulus of the CSH gel were calculated as 17.64 GPa and 11.10 GPa with Eqs. (4) to (7) and these results were used to calculate the microscopic elastic modulus of cement paste in Level II.
The characteristics length scale of Level II (cement paste) was 10 -6 to 10 -4 m, containing C 3 A·CaCl 2 ·10H 2 O, CaSO 4 ·2H 2 O, Ca(OH) 2 , CaCl 2 ·4H 2 O, Mg(OH) 2 , 2CaO·SiO 2 and NaCl. The above phases are dispersed in the RVE of Level II, and none of them plays any specific morphological role (Zaoui 2002) . On this level, the elastic modulus should be obtained by SC method because the compositions were too complex and the reference medium was hard to determine. It is assumed that the above components are spherical inclusions. According to the bulk modulus, shear modulus (Table 8 ) (Jennings 2008; Lang et al. 2011; Tennis and Jennings 2000) and volume fractions (Tables 5 to 7) of the compositions in each nanoindentation point, the bulk modulus and shear modulus of the nanoindentation points on the ITZ can be calculated with Eqs. (8) and (9) 
The characteristics length scale of Level III (mortar) was 10 -4 to 10 -2 m, containing paste, ITZ and sand aggregate. The macroscopic elastic modulus of the mortar was calculated by the n-layered inclusion-based method (Herve and Zaoui 1993; Sanahuja et al. 2007 ) through Eqs. (11) and (12),
where, A, B and C are given in the paper of Herve and Zaoui (1993) , the microscopic elastic modulus of the paste was referred to from the study of Li et al. (2017) , the microscopic elastic modulus of the ITZ was used from the calculation results from Level II, and the elastic modulus of the sand was the average value from the nanoindentation results. In this paper, sand is phase 1, ITZ is phase 2, paste is phase 3, and n = 3. Figure 11 (a SEM image) shows the meshed region of the nanoindentation points with three different assumed thicknesses of the ITZ. The size of each grid is 15 µm × 15 µm, containing one nanoindentation point. There are three sand particles in this figure. The ITZ is expressed by three strips (red, yellow and pink) and the thickness of each strip is 5 µm. When the thickness is 5 µm, the assumed ITZ is the red strip. Similarly, when the thickness is 10 µm or 15 µm, the ITZ is the red + yellow strip or red + yellow + pink strip. The region of the ITZ locates on 44 grids (P1 to P44) of the nanoindentation points. According to the volume fractions (Tables 5 to 7) and the mechanical properties (Table 8 ) of the compositions on the nanoindentation points, the microscopic elastic modulus of each point can be calculated by SC method with Eqs. (8) and (9) when the thicknesses of the ITZ were 5 µm, 10 µm, 15 µm, respectively. Table 9 lists the calculated values and experimental values of the microscopic elastic moduli of 10 nanoindentation points. After acquiring the calculated microscopic elastic modulus of each nanoindentation point on the ITZ, it was necessary to obtain the microscopic elastic modulus of the ITZ by Voigt's parallel model (Voigt 1889 ) and equivalent method. When the thickness was different, the area of the ITZ and the nanoindentation points in the ITZ were both different. It was assumed that there were n nanoindentation points in the ITZ, the microscopic elastic moduli of those points were E 1 , E 2 , …, E n and the microscopic elastic modulus of the ITZ was E m . If the area fraction of each point was S 1 , S 2 , …, S n , the equation below is valid obviuosly. where r E indicates the microscopic elastic modulus of each nanoindentation point.
Calculation results of microscopic elastic modulus of ITZ
When the thickness was 5 µm, the ITZ was the red strip. The area of the red part in each grid and the total area of the red strip were calculated by CAD. Then the area fractions of the red part were obtained, namely the values of S 1 , S 2 ,…, S n . Hence, the calculated microscopic elastic modulus ( 1 mc E ) of the ITZ (thickness = 5 µm) was obtained by Eq. (16), combining the area fraction of the red part of each point with the corresponding microscopic elastic modulus. Similarly, when the thickness was 10 µm and 15 µm, the calculated microscopic elastic moduli were 3 mc E . According to the test values of nanoindentation points (Table 9) , the tested microscopic elastic moduli ( 1 mt E , 2 mt E and 3 mt E ) of the ITZ with thicknesses of 5 µm, 10 µm and 15 µm were obtained by the same method. The relative difference was defined as the absolute value of the calculated microscopic elastic modulus of the ITZ subtracted by the tested microscopic elastic modulus of the ITZ divided by the tested microscopic elastic modulus of the ITZ. Table  10 shows the calculated microscopic elastic moduli, tested microscopic elastic moduli of the ITZ with three different thicknesses and the relative differences. It is observed that when the assumed thickness of the ITZ is 10 µm, the relative difference is the lowest. Therefore, in this study, the thickness of the ITZ was considered as 10 µm.
Calculation of volume fraction of mortar
The volume fractions of the mortar were calculated by the Lu & Torquato model (Chen et al. 2007; Garboczi and Bentz 1997) . This model assumed that firstly, the sand aggregate was circular. Secondly, the ITZ was a shell with thickness of t around the sand. Thirdly, the remaining parts (medium) were all cement paste. Figure   14 shows the geometric distribution of the mortar by Lu & Torquato's model. It can be seen that this model considered the overlap part of the ITZs. Assuming that the circular sands distributed in the medium randomly, the volume fraction of the medium was ( ) v e t , with t → ∞ and ( ) v e t → 0. Therefore, the volume fraction of the ITZ can be defined as,
where agg V is the volume fraction of the sand aggregate. The volume fraction of the medium can be expressed as,
where t is the thickness of the ITZ. In this equation, 
A is a constant (when assuming that the sand aggregate 
Calculation of macroscopic elastic modulus of mortar
Calculation of macroscopic elastic modulus of corrosion and non-corrosion layer of mortar
Because the corrosion environment, water/cement ratio and corrosion period were the same as the previous study (Li et al. 2017) , the microscopic elastic moduli, as the input parameters for the Lu & Torquato model, of the corroded cement paste and the non-corroded cement (Liu 2001; Yu 1999) , the microscopic elastic modulus of the sand aggregate could not be influenced by the corrosion process. Therefore, 55.56 GPa (obtained in section 3.2), the microscopic elastic modulus of the sand from the nanoindentation test, was used for the model. Because the calculated microscopic elastic modulus of the corroded ITZ was 16.9 GPa, which was 77.6% of the corroded cement paste, it was assumed that the microscopic elastic modulus of the non-corroded ITZ also was 77.6% of the non-corroded cement paste (Haecker et al. 2005) , which was 21.2 GPa. The Poison ratios of the sand aggregate, paste and ITZ were chosen as 0.14, 0.24 and 0.24, respectively. The macroscopic elastic modulus of the corrosion surface of the mortar was calculated as 29.1 GPa ( 1 E ) by substituting the microscopic elastic moduli of the sand, corroded ITZ and corroded paste into Eqs. (11) and (12). Similarly, the macroscopic elastic modulus of the non-corroded mortar was calculated as 33.3 GPa ( 0 E ).
Theoretical calculation of macroscopic elastic modulus of mortar after brine corrosion
(1) Establishment of Reuss-Voigt equivalent approach The corrosion of mortar in brine solution is a process from exterior to interior. From the section above, the macroscopic elastic moduli of the corroded mortar surface and the non-corroded mortar were obtained. In this section, three assumptions were established in order to calculate the macroscopic elastic modulus of the corroded mortar. The first assumption was that the thicknesses ( 0 h ) of corrosion layers from the six sides of the cubic mortar specimen were the same. Secondly, that the mortar was divided into corroded area ( 1 I ) and non-corroded area ( 0 I ), and finally, that the macroscopic elastic modulus of the corroded area increased linearly with the thickness ( h ) of this area. Therefore, the calculated macroscopic elastic modulus of the mortar surface was 1 E and the macroscopic calculated elastic modulus of the non-corroded area was 0 E . Figure 15 is the schematic of the elastic modulus equivalent process of the corroded mortar, including two steps. The corroded mortar specimen can be treated as two parts (Part I and Part II), exhibited in Fig. 15(a) . In the first step of the equivalent process described in Fig.  15(b) , according to the principle of the Reuss series model displayed in Fig. 16 (Reuss 1929) , the stresses in corroded area and non-corroded area were the same. So, the deformation of the non-corroded area 0 I can be expressed as,
where 0 ε is the strain of the non-corroded area, 0 l Δ is the reduced distance of the non-corroded area. The deformation of the corroded area 1 I can be expressed as, (c) Fig. 15 Schematic of macroscopic elastic modulus equivalent process of corroded mortar specimen: (a) two parts of the specimen; (b) first step of equivalent process; (c) second step of equivalent process.
where 1 l Δ is the increased distance of the corroded area. After the first step of the equivalent process, the integrated strain is expressed as below.
( )
The calculated macroscopic elastic modulus ( 2 E ) of the Part I can then be expressed by the equation below. According to the principle of the Voigt parallel model (Voigt 1889) , the deformation of the corroded area 1 I and equivalent area 2 I are the same with the strain of the whole specimen. Hence, the stress of the whole specimen can be expressed as, 
where 1 σ and 2 σ are the stresses of the corroded area 1 I and equivalent area 2 I , 1 A and 2 A are the corresponding areas. It is deduced as shown below. 
Therefore, the calculated macroscopic elastic modulus ( E ) of the area I [shown in Fig. 15(c)] , which is the corroded mortar, is as shown below.
By substituting Eq. (23) into Eq. (27), the following equation is acquired. 
(2) Calculation results of equivalent model The side length of the cubic mortar specimen was 40 mm. The thickness of the corroded area was 8 mm. Therefore, the calculated macroscopic elastic modulus of the corroded mortar was obtained by substituting L, h, E 0 , E 1 into Eq. (28), which yielded a value of 31.4 GPa. The relative difference between the measured macroscopic elastic modulus (30.35 GPa) of the corroded mortar and the calculated macroscopic elastic modulus of the corroded mortar was (31.4 -30.35) / 30.35 = 3.5%. Hence, it is proved that this Reuss-Voigt equivalent approach is effective to predict the macroscopic elastic modulus of the cement mortar accurately. In addition, this four-stage methodology used to calculate the macroscopic elastic modulus of the corroded mortar is valid.
Conclusions
In this paper, the nanoindentation technique was used to evaluate the property on the corroded area formed by sand aggregate, ITZ and paste. The compositions and the volume fractions of the sand and the ITZ were analyzed by XRD method combined with SEM-EDS. The homogenization method of incorporating Mori-Tanaka approach with self-consistency was utilized to calculate the microscopic elastic moduli of the nanoindentation points. The volume fractions of the sand, ITZ and paste in the corroded mortar were acquired by the Lu & Torquato model. Then, a new Reuss-Voigt equivalent model was proposed to predict the macroscopic elastic modulus of the corroded mortar, compared with the experimental results. The conclusions drawn are as follows:
(1) The microscopic elastic modulus of the ITZ and paste in mortar decreased by brine solution corrosion. (2) The XRD and SEM-EDS can be used to determine the compositions and volume fractions of the nanoindentation points on corroded mortar. (3) The thickness of the ITZ could be calculated by the homogenization method combined with the nanoindentation test results. (4) The Lu & Torquato model can well evaluate the volume fractions of the sand, paste and ITZ in the cement mortar. In addition, the Reuss-Voigt equivalent approach can calculate the macroscopic elastic modulus of the corroded mortar accurately. (5) Combining the four conclusions above, the four-stage methodology of evaluating the macroscopic elastic modulus of corroded mortar is valid. Fig. 16 Reuss series model.
